T h i s w i l l e n h a n c e f u t u r e s o r t i e g e n e r a t i o n c a p a b i l i t i e s by a s s i s t i n g g r o u n d c r e w s i n t h e p r e p a r a t i o n o f m i s s i o n r e a d y a i r c r a f t .
It w i l l a l s o e n c o m p a s s many t y p e s o f f i g h t e r s a n d t r a n s p o r t s i n t h e Air F o r c e i n v e n t o r y and w i l l c o n s i d e r b o t h f i x e d h a n g a r a n d b a r e -b a s e s c e n a r i o s .
The Laboratory is i n v e s t i g a t i n g ground r e f u e l i n g u s i n g a e r i a l r e f u e l i n g
t a c t i c s . T h i s c o n c e p t was s e l e c t e d as t h e i n i t i a l t u r n a r o u n i c a n d i d a t e b e c a u s e o f i t s f r e q u e n c y , i m p a c t on s o r t i e g e n e r a t i o n , a v a i l a b i l i t y o f h s r d w a r e , a n d tha fact t h a t i n -f l i g h t r e f u e l i n g r e c e p t a c l e s ard s t a n d a r d equipment on a l l t a c t i c a l and s t r a t e g i c a i r c r a f t .
This makes r e f u e l i n g i d e a l f o r r o b o t i c s .
INTRODUCTION
For t h e p a s t s e v e n t y y e a r s , m i l i t a r y a i r c r a f t turnaround has been accomplished by ground crews of v a r y i n g s i z e s who p e r f o r m a l l s e r v i c i n g tasks manually. A target time o f s e v e n t y -f i v e minutes t o c o m p l e t e l y turnaround a n aircraft i s t h e norm and t h i s s t a n d s r d must b e m a i n t a i n e d t o d e l i v e r a n e f f e c t i v e punch t o t h e enemy.
However, t h e use o f c h e m / b i o a g e n t s h a s b e e n o b s e r v e d d u r i n g r e c e n t wars, a n d t h i s p o s e s a t h r e a t t o t h e t r a d i t i o n a l method o f s e r v i c i n g a i r c r a f t .
To perform aircraft t u r n a r o u n d t a s k s i n a c h e m / b i o e n v i r o n m e n t , t h e g r o u n d crews m u s t wear p r o t e c t i v e c l o t h i n g o r "chem-gear" as i t i s commonly c a l l e d . The chemg e a r i m p a i r s t h e v i s i o n , h e a r i n g , and d e x t e r i t y o f t h e crew members; b u i l d s up a g r e a t d e a l o f h e a t stress; and is p h y s i c a l l y uncomfortable, e s p e c i a l l y d u r i n g extreme weather c o n d i t i o n s . This r e s u l t s i n i n c r e a s e d a i r c r a f t t u r n a r o u n d t i m e a n d , u n f o r t u n a t e l y , o c c u r s a t a time when a i r c r a f t s o r t i e g e n e r a t i o n i s c r i t i c a l a n d a v a i l a b l e manpower i s l i m i t e d .
A s i t u a t i o n s u c h as t h i s makes a d d r e s s i n g neu methods of a i r c r a f t turnaround i m p e r a t i v e f o r t h e Air Force. T h i s b e i n g t h e c a s e , t h e F l i g h t D y n a m i c s L a b o r a t o r y a t W r i g h t -P a t t e r s o n Air F o r c e B a s e , Ohio, i n i t i a t e d a program i n 1986 t o s t u d y t h e f e a s i b i l i t y o f u s i n g r o b o t i c s t n perform a i r c r a f t t u r n a r o u n d .
The i d e a was n o t n e c e s s a r i l y t o r e p l a c e o u r ground crews b u t r a t h e r t o assist them i n c a r r y i n g o u t t h e i r f l i g h t l i n e d u t i e s more e f f e c t i v e l y d u r i n g any t h r e a t .
The program began w i t h a c o n t r a c t e d " S t u d y o f R o b o t i c C o n c e p t s f o r Aircraft T u r n a r o u n d " by t h e B a t t e l l e M e m o r i a l I n s t i t u t e o f Columbus, Ohio. B a t t e l l e ' s work s e t t h e s t a g e f o r t h e F l i g h t Dynamics L a b o r a t o r y t o d e s i g n and b u i l d i t s r o b o t i c c a p a b i l i t i e s t o t e s t t h e s e concepts.
AIRCRAFT TURNAROUND FUNCTIONS
Our r e s e a r c h i n t h i s a r e a s t a r t e d w i t h a n i nd e p t h s t u d y of t h e turnaround p r o c e s s on a t y p i c a l f l i g h t l i n e . The d y n a m i c s o f a i r c r a f t t u r n a r o u n d are e x p l a i n e d below as they are shown i n f l o w c h a r t f o r m i n F i g u r e 1.
When a n a i r c r a f t i s r e t u r n i n g a f t e r d e l i v e r i n g a s o r t i e , t h e p i l o t r e l a y s t h e s t a t u s o f t h e a i r c r a f t t o t h e g r o u n d crew i n o r d e r t o g i v e them a head s t a r t on p r e p a r a t i o n s f o r t h e t u r n a r o u n d . The p l a n e l a n d s and t a x i s t o t h e d e -a r m i n g a r e a where l a n d i n g gear i s s e c u r e d a n d w h e e l s a r e chocked.
The crew c h i e f g i v e s a thorough v i s u a l examination from o d t s i d e p a y i n s s p e c i a l a t t e n t i o n t o t h e i n f o r m a t i o n d e c i p h e r e d f r o m t h e p r e v i o u s r a d i o message of t h e p i l o t . A d e t e r m i n a t i o n is then made o n t h e p h y s i c a l c o n d i t i o n o f t h e a i r c r a f t a n d i t s a i r -w o r t h i n e s s .
If t h e a i r c r a f t h a s no damage, then i t is t a x i e d t o t h e turnaround area where t h e f o l l o w i n g turnaround f u n c t i o n s are performed:
-Oxygen s e r v i c e -Load ammunition, bombs, missiles, and c h a f f -R o u t i n e m a i n t e n a n c e and c h e c k i n g f l u i d l e v e l s
Once t h e s e f u n c t i o n s a r e a c c o m p l i s h e d , t h e t u r n a r o u n d p r o c e s s c o n t i n u e s w i t h t h e f o l l o w i n g f u n c t i o n s :
-Refueling -Wheels unchocked and a i r c r a f t t a x i e d t o end of runway -
Re-arming d e v i c e s a c t i v a t e d -A i r c r a f t i s d i r e c t e d t o runway t o await t s k e -o f f
If t h e a i r c r a f t a p p e a r s t o have minor damage, i t i s s t i l l t a x i e d t o t h e t u r n a r o u n d area where t h e minor r e p a i r s are performed c o n c u r r e n t l y with o t h e r turnaround f u n c t i o n s s t a t e d above. However, i f t h e d a n a g e t o t h e a i r c r a f t i s e x c e s s i v e , a f u r t h e r e v a l u a t i o n i s conducted i n o r d e r t o f i n d o u t i f t h e 
I f s o , t h e a i r c r a f t i s maneuvered t o a r e p a i r f a c i l i t y f o r conducting t h e needed r e p a i r s .
Afterwards, t h e aircraft's status i s u p g r a d e d t o b e i n g a i r -w o r t h y and i t i s b r o u g h t o n -l i n e f o r turnaround s e r v i c e s .
If, however, t h e r e p a i r s a r e n o t t i m e -e f f e c t i v e , a f u r t h e r assessment i s made t o determine whether t h e r e p a i r s are c o s t -e f f e c t i v e and w h e t h e r t h e p l a n e c a n b e r e p a i r e d .
I f i t c a n , t h e marooned a i r c r a f t i s moved i n t o a s t o r a g e f a c i l i t y f o r r e p a i r a t a l a t e r d a t e . But i f t h e r e p a i r i s n o t c o s t -e f f e c t i v e o r t h e a i r c r a f t c a n n o t b e r e p a i r e d , t h e n i t c a n be s c r s p p e d f o r p a r t s f o r u s e o n o t h e r w o r k i n g a i r c r a f t .
USE OF ROBOTICS The u l t i m a t e o b j e c t i v e o f t h i s e f f o r t i s t o p e r f o r m t h e p r e v i o u s l y s t a t e d turnaround p r o c e s s w i t h t h e a i d o f r o b o t i c s .
A p p a r e n t l y , t h e i n d i v i d u a l t u r n a r o u n d f u n c t i o n s r e q u i r e d i f f e r e n t l e v e l s o f d e x t e r i t y , v a r y i n g crew s i z e s , and d i f f e r e n t times t o complete. I n t r o d u c i n g r o b o t i c s may l e a d t o t h e r e g r o u p i n g a n d / o r r e a r r a n g i n g o f t h e s e t a s k s . T e c h n i q u e s may also v a r y t o a c c o u n t f o r t h e s t a t e -o f -t h e -a r t i n r o b o t i c s a n d t h e d i f f e r e n t combat a i r c r a f t i n t h e p r e s e n t A i r Force i n v e n t o r y . The a p p r o a c h w i l l b e m o d i f i e d i n t h e f u t u r e w i t h t h e a d v a n c e m e n t s i n r o b o t i c s and t h e d e s i g n changes of n e x t g e n e r a t i o n a i r c r a f t .
It i s hoped t h a t f u t u r e a i r c r a f t w i l l become modularized and b e more s u b j e c t t o r e p a i r and s e r v i c e by r o b o t i c s . Assuming t h i s t r e n d , t h e use of r o b o t i c s w i l l be addressed under t h e t h r e e c a t e g o r i e s below.
-P r e s e n t day a p p l i c a t i o n s -Near-term g o a l s -Far-term c o n c e p t s E x i s t i n g a i r c r a f t a r e n o t d e s i g n e d t o b e r e p a i r e d o r s e r v i c e d by m e c h a n i z a t i o n . However, r o b o t i c s h a v e a d v a n c e d f a r enough where some s i m p l e , i n d i v i d u a l , and l e s s i n v o l v e d t a s k s can be programmed t o be p e r f o r m e d by wal k i n g / t r a v e l i n g m a c h i n e s more e f f e c t i v e l y and a c c u r a t e l y w i t h a human o v e r s e e r w a t c h i n g a n d c o n t r o l l i n g t h e o p e r a t i o n from a d i s t a n c e , w h i l e e n j o y i n g t h e c o m f o r t and p r o t e c t i o n f r o m t h e h a z a r d s o f t h e o p e r a t i o n and/or u n p l e a s a n t n e s s of t h e environment. The equipment f o r t h i s has a l r e a d y gone through t h e l a b o r a t o r i e s and t h e technology is s i t t i n g on-thes h e l f a w a i t i n g confidence o f t h e user.
The n e a r -t e r m g o a l s a r e e n v i s i o n e d t o b e completed i n t h e n e x t f i v e t o t e n years. It can be s a f e l y a s s u m e d t h a t n o d r a m a t i c c h a n g e s a r e expected i n a i r c r a f t d e s i g n and manufacture i n t h e n e a r term. However, small s t e p s / m o d i f i c a t i o n s w i l l b e made on a n i n d i v i d u a l b a s i s t o h a v e b e t t e r a c c e s s t o c e r t a i n areas/components and t h e s e w i l l be d i c t a t e d by t h e user. Also, t h e r e w i l l be g r e a t p r o g r e s s on t h e r o b o t i c s f r o n t .
Machines w i l l be p e r f o r m i n g many s i n g l e t a s k s w i t h a r e m o t e human s u p e r v i s o r and p e r f o r m i n g some s i m p l e t a s k s a u t o n o m o u s l y .
A few s i m p l e tasks w i l l a l s o b e performed j o i n t l y by m u l t i p l e r o b o t s with a common human s u p e r v i s o r .
Far-term concepts (i.e., beyond t e n y e a r s ) w i l l r e q u i r e q u i t e a few changes in a i r c r a f t d e s i g n and m e t a l l u r g y .
S p e c i a l a t t e n t i o n m u s t be p a i d t o component a c c e s s and r e p a i r by r o b o t i c s . Wherever p o s s i b l e , t h e approach w i l l be t o compartmentalize
s o t h a t a u n i t c a n b e e a s i l y p u l l e d o u t a n d r e p l a c e d by a n o t h e r u n i t .
The r e p l a c e d u n i t w i l l . be diagnosed and s e r v i c e d by human t e c h n i c i a n s i n t h e workshop. The u n i t s w i l l become more s o l i d s t a t e and computer c h i p d e s i g n t o b e t t e r i n t e r f a c e w i t h t h e main c o n t r o l s .
F a r -t e r m w i l l see many developments i n r o b o t i c s f o r autonomous s e r v i c i n g a n d o p e r a t i o n , a n d f o r c o o r d i n a t i o n b e t w e e n d i f f e r e n t r o b o t s working s i m u l t a n e o u s l y on t h e same a i r c r a f t w h i l e a s s i s t i n g or c o m p l e m e n t i n g e a c h o t h e r ' s work.
The human o v e r s e e r w i l l s t r i c t l y t h i n k a n d d e s i g n / d e v e l o p s o f t w a r e , p l a n o u t t h e work f o r e a c h r o b o t , and m a i n t a i n t h e r o b o t s i n working o r d e r f o r t h e i r turnaround d u t i e s . ROBOTIC REFUELING OF AIRCRAFT The F l i g h t D y n a m i c s L a b o r a t o r y c r i t i c a l l y s u r v e y e d a l l t a s k s i n t h e a i r c r a f t t u r n a r o u n d p r o c e s s s u c h as i n s p e c t i o n , r o u t i n e m a i n t e n a n c e , minor r e p a i r s , ammunition and m i s s i l e l o a d i n g , and r e f u e l i n g , and a r r i v e d a t t h e c o n c l u s i o n t h a t r e f u e l i n g was t h e b e s t t a s k t o i n i t i a l l y c o n s i d e r f o r a u t o m a t i o n . R e f u e l i n g i s t h e most commonly p e r f o r m e d t u r n a r o u n d f u n c t i o n a n d r e q u i r e s t h e least amount of d e x t e r i t y , which makes i t t h e most amenable t o r o b o t i c s .
A
f u r t h e r s t u d y showed t h a t t h e i n -f l i g h t r e f u e l i n g n o z z l e of a t a n k e r a i r c r a f t l i k e t h e KC-10 o r KC-135 a n d t h e i n -f l i g h t r e f u e l i n g r e c e p t a c l e on o p e r a t i o n a l a i r c r a f t a r e i d e a l f o r r e m o t e / r o b o t i c a p p l i c a t i o n s .
The i nf l i g h t r e f u e l i n g hardware i s a l r e a d y proven and is s t a n d a r d equipment f o r t h e Air Force.
This l e d t o t h e i d e a of modeling ground r e f u e l i n g using a e r i a l r e f u e l i n g tactics i n a l a b o r a t o r y set-up.
The n e x t q u e s t i o n was which s c e n a r -A b a r e base -A hangar s e t -u p -An underground f a c i l i t y a l o n g t h e runway A b a r e b a s e i s s o m e t i m e s r e f e r r e d t o as a n a u s t e r e o r remote f a c i l i t y which i s used i n c a s e of e m e r g e n c i e s . S i n c e t h e r e are no f u e l hook-ups a v a i l a b l e , a r e f u e l e r h a s t o b e m o b i l e s o t h a t i t can l o c a t e and r e -o r i e n t i t s e l f n e a r t h e a i r c r a f t , f i n d t h e t a r g e t ( r e f u e 1 i n g r e c e p t a c 1 e ) , autonomously connect, r e f u e l , d i s c o n n e c t , and move away f r o m t h e a i r c r a f t . D e v e l o p m e n t o f s u c h a r e f u e l e r i s e n v i s i o n e d f o r f a r -t e r m a p p l i c a t i o n s .
A v a r i a t i o n o f t h i s d e v i c e c o u l d b e a o n e u n i t , t r u c k mounted, t e l e r o b o t i c a l l y o p e r a t e d v e h i c l e . T h i s concept f i r s t appeared i n IEEE, December 1986
[ R e f . 11.
Another v a r i a t i o n o f t h i s m i g h t be a r e f u e l i n g t r u c k d r i v e n by a human o p e r a t o r who w i l l d r i v e it n e a r t h e a i r c r a f t and a n autonomous r o b o t w i l l do t h e r e s t .
A h a n g a r s e t -u p i s a d r i v e -t h r o u g h o r t o w -i n f a c i l i t y .
Robots m i g h t b e mounted on a g a n t r y framework on t h e t o p o r s i d e s o f t h e h a n g e r . With p o s i t i o n with r e s p e c t t o i t s own p o s i t i o n , proceed t o r e f u e l t h e a i r c r a f t , a n d r e t u r n t o a known o r "home" p o s i t i o n .
T h i s a p p r o a c h c a n b e e a s i l y accomplished i n t h e near-term with p r e s e n t r o b o t i c technology.
Sensors and s u p p o r t i n g s o f t w a r e w i l l have t o be i n t e g r a t e d w i t h t h e r o b o t f o r a workable f i n a l product.
An u n d e r g r o u n d f a c i l i t y l o c a t e d a l o n g t h e f l i g h t l i n e i s v e r y i d e a l . As a n a i r c r a f t t a x i s a l o n g t o t h e r e f u e l i n g l o c a t i o n , s e n s o r s c a n o b s e r v e i t s movements a n d d i r e c t t h e d o o r s t o a n u n d e r g r o u n d f a c i l i t y t o o p e n .
From h e r e , a r e f u e l e r can u n f o l d i t s e l f , a u t o m a t i c a l l y l o c a t e t h e i n -f l i g h t r e f u e l i n g r e c e p t a c l e on t h e aircraft, make t h e c o n n e c t i o n t o r e f u e l , a n d move away t o r e t u r n b a c k t o t h e u n d e r g r o u n d l o c a t i o n . Such a concept i s shown i n F i g u r e 2. O f t h e t h r e e s c e n a r i o s d i s c u s s e d , t h e underground s e t -u p is t h e most p r a c t i c a l and would meet s a f e t y r e q u i r e m e n t s a n d r e g u l a t i o n s f o r t h e h o t -p i t r e f u e l i n g case (engines running). Although s o m e o f t h e t e c h n o l o g i e s e x i s t f o r t h i s a p p l i c a t i o n , t h e i n t e g r a t i o n o f t h e s e c o m p o n e n t s has n o t y e t been accomplished.
LABORATORY SET-UP
I n o u r l a b o r a t o r y set-up, we chose t o mimic t h e hangar s c e n s r i o w i t h an o v e r h e a d g a n t r y . A 1/8 s c a l e F-16 model r o l l s i n t o t h e h a n g a r a n d o u r l a b o r a t o r y r o b o t , n i c k n a m e d FRED (E1 i g h t l i n e -Robotic E g i n e e r i n g Device), l o c a t e s t h e i n -f l i g h t r e f u e l i n g r e c e p t a c l e with its v i s i o n system. FRED c o m p u t e s t h e c o o r d i n a t e s o f t h e p l a n e ' s i n -f l i g h t r e f u e l i n g r e c e p t a c l e , p i c k s up a r e f u e l i n g n o z z l e , and proceeds on a n o b s t a c l e -f r e e p a t h t o t h e model a i r c r a f t . Once i t s j o b i s done, t h e r o b o t r e t u r n s t h e n o z z l e a n d goes b a c k t o i t s home p o s i t i o n . P r e s e n t l y , FRED h a s o n e camera mounted o v e r h e a d w h i c h g i v e s a g l o b a l v i e w o f t h e h a n g a r area. I t i s i n t h e p l a n s t o i n c o r p o r a t e p r o x i m i t y s e n s o r s ( u l t r a s o n i c t y p e ) o n t h e f o r e a r m o f FRED t o j u d g e t h e d i s t a n c e t o any o b s t a c l e , s t a t i o n a r y o r moving, and t o i n c o r p o r a t e f o r c e and t o r q u e s e n s o r s s o t h a t FRED c a n e x e r t a known f o r c e , o r j u s t t h e r i g h t f o r c e , s o as n o t t o damage t h e o b j e c t g r i p p e d . FRED w i l l also have a small camera on i t s s h o u l d e r f o r l o c a l viewing o f t h e t a s k b e i n g performed.
SOFTWARE DEVELOPMENT
The t h e o r y b e h i n d d e v e l o p i n g t h e c o m p u t e r s o f t w a r e t o c o n t r o l o u r r o b o t is t o map o u t t h e t h e hangar a r e a from a b o v e t o d e t e r m i n e t h e e x a c t c o o r d i n a t e s of t h e i n -f l i g h t r e f u e l i n g r e c e p t a c l e on t h e F-16 model. A s t h e p i c t u r e a c q u i r e d by t h e c a m e r a a p p e a r s d i g i t i z e d on t h e c o m p u t e r s c r e e n , c o o r d i n a t e s o f t h e model a i r c r a f t ' s i n -f l i g h t r e f u e l i n g r e c e p t a c l e a r e c o m p u t e d f o r image t r a c k i n g .
As FRED m o v e s t o w a r d s t h e m o d e l aircraft, h i s p o s i t i o n is c o n s t a n t l y updated with new c o o r d i n a t e s u n t i l i t r e a c h e s t h e target. F i r s t g e n e r a t i o n s o f t w a r e has been d e v e l o p e d f o r imaging, mapping, p a t h p l a n n i n g , n a v i g a t i o n , a n d o b s t a c l e a v o i d a n c e .
Work i s u n d e r way f o r making t h i s s o f t w a r e more s o p h i s t i c a t e d f o r r e a l -t i m e t r a c k i n g which w i l l enhance t h e p a t h p l a n n i n g a l g o r i t h m t o i n c o r p o r a t e t h e a v o i d a n c e o f moving o b s t a c l e s and t h e i n t e g r a t i o n o f o t h e r sensors.
Near-term p l a n s i n c l u d e moving f o r w s r d from t w o -d i m e n s i o n a l t o three-dimensional imaging. The p r e s e n t p h a s e w i l l h a v e d i r e c t a p p l i c a t i o n s t o aircraft r e f u e l i n g f o r hangar o r overhead mounted robots. For t h e underground r e f u e l i n g e f f o r t s , t h e s o f t w a r e n e e d s t o b e m o d i f i e d s l i g h t l y . B e s i d e s t h e s e d i r e c t p a y o f f s , t h e i n -h o u s e r e s e a r c h a l s o y i e l d s many s o f t w a r e m o d u l e s s u c h as r e s l -t i m e i m a g i n g a n d t r a c k i n g , p a t h p l a n n i n g , c o l l i s i o n a v o i d a n c e , n a v i g a t i o n , f o r c e feedback, and s e n s o r 
